[1] Utilizing general circulation models (GCMs) for paleoclimate study requires the construction of appropriate model boundary conditions. We present a middle Miocene paleotopographic and paleobathymetric reconstruction geographically constrained at 15 Ma for use in GCMs. Paleotopography and paleogeography are reconstructed using a published global plate rotation model and published geological data. Paleobathymetry is reconstructed through application of an age-depth relationship to a middle Miocene global digital isochron map, followed by the overlay of reconstructed sediment thickness and large igneous provinces. Adjustments are subsequently made to ensure our reconstruction may be utilized in GCMs.
Introduction
[2] An essential step in adapting general circulation models (GCMs) to the study of paleoclimate is the construction of appropriate boundary conditions. The boundary conditions required are typically model-and study-dependent however will necessarily include a global reconstruction of paleogeography, paleotopography, and paleobathymetry.
[3] The growth of the paleoclimate modeling community has led to the need for establishing consistent boundary conditions across research groups in order to facilitate interstudy comparisons and reduce the amount of time spent on data manipula-tion [e.g., Sewall et al., 2007] . Here we present a global reconstruction of paleotopography and paleobathymetry geographically constrained at 15 Ma (the middle Miocene), and describe the method through which it was developed. Following others [Markwick, 2007; Sewall et al., 2007] , it is our intent that this reconstruction provide a common boundary condition among research groups modeling middle Miocene climate, and is available from the authors in the various forms presented in this paper.
Methods

Paleogeographic and Paleotopographic Reconstruction
[4] Our middle Miocene paleogeography is based on an underlying plate kinematic model [Müller et al., 2008a [Müller et al., , 2008b , which quantitatively describes the relative motions between tectonic plates in a moving Indian/Atlantic hot spot reference frame [O'Neill et al., 2005] . The moving hot spot reference frame accounts for motion between hot spots, producing an improved measure of fit between paleomagnetic data and the locations of hot spots and hot spot trails. This is in contrast to the fixed hot spot reference frame [e.g., Müller et al., 1993] used extensively in previous reconstructions. Additionally, previous studies have obtained paleogeographic data by digitising shorelines from existing paleogeographic maps, primarily using the PALEOMAP project [e.g., Bice et al., 2000; Sewall et al., 2007] , or by using unpublished rotations to reconstruct the continents at a particular time with little explanation on how the rotation model was derived [e.g., Markwick and Valdes, 2004] . The details of our rotation model are described by Müller et al. [2008a Müller et al. [ , 2008b and include a table of all plate rotations enabling examination and replication of our geographic reconstructions.
[5] Using our global rotation and plate model, we isolate and subsequently rotate individual continents, continental blocks and island arcs from a present-day digital elevation model (based on ETOPO2; Figure 1 ) to their position at 15 Ma. Boundaries between continental and oceanic crust are based on the outlines of Müller et al. [2008b] and are interpreted from marine geophysical data including ship track magnetic and aeromagnetic data; ship track gravity and gravity anomalies from satellite altimetry [Sandwell and Smith, 1997] ; ship track bathymetry, ETOPO2, and GEBCO bathymetry data; and seismic reflection data. The outlines of the island arcs are determined from gravity and bathymetry data only.
[6] 2Modifications to the paleogeography and paleotopography are applied to areas where published geological data indicate substantial differences between the middle Miocene and the present (see section 3). The paleotopography is merged with our reconstructed paleobathymetry (see section 2.2) to form a global topographic and bathymetric grid constrained at 15 Ma (Figure 2 ). Owing to the large computing expense imposed by coupled atmosphereocean GCMs and the limited ability to validate high resolution pre-Quaternary climate simulations, such models have often been limited to coarse horizontal resolutions of greater than 3°Â 3°. For implementation into GCMs and to aid our model required adjustments (see section 2.3), our reconstruction is downsampled to a 2°Â 2°resolution (Figure 3 ). All data sets were manipulated in the netCDF format.
Paleobathymetric Reconstruction
[7] Our middle Miocene paleobathymetry is constructed independent of our paleotopography and does not rely on the present-day bathymetry from ETOPO2. Instead, paleobathymetry is computed by converting age to depth using the GDH-1 age-depth relationship [Stein and Stein, 1992] using the paleoceanic age-area distribution of Müller et al. [2008b] and estimates of sediment accumulation, sediment loading and the eruption of large igneous provinces (LIPs). This approach was first applied by Müller et al. [2008b] to compute Cretaceous to present global bathymetry maps in 1 million year intervals for determining long-term sea level variations.
[8] Previous attempts to reconstruct paleobathymetry have mainly relied on the digital elevation models of the PALEOMAP project or on age-depth conversion constrained by Müller et al.'s [1997] present-day age grid [Markwick and Valdes, 2004] . We reconstruct the ocean basins using over 40,000 magnetic anomaly and fracture zone identifications, magnetic lineations, associated geological data, and the rotation model of Mü ller et al.
[2008b] to create a set of seafloor-spreading isochrons from the Cretaceous to the present day. We reconstruct now subducted oceanic crust by addi- tionally using the rules of plate tectonics and onshore geological data to predict the geometry and lateral extent of ancient spreading ridge systems. We assume symmetrical spreading when reconstructing these ''synthetic'' isochrons. The data at 15 Ma is then extracted to create a global seafloor spreading isochron map for the middle Miocene and is the input for the age to oceanic basement depth conversion (Figure 4a ).
[9] We tested four alternative age-depth relationships to find the best approximation for the thermal structure of the oceanic lithosphere; the plate boundary layer models of GDH-1 [Stein and Stein, 1992] , Crosby [2007] and Parsons and Sclater [1977] , and the thermal boundary layer model of Crosby et al. [2006] . Comparisons between the present-day residual basement and each age-depth model reveal that the GDH-1 [Stein and Stein, 1992] and Crosby [2007] plate models produced the best approximation of oceanic basement depth. The Parsons and Sclater [1977] relationship and thermal boundary layer models over-predict the depth of old ocean floor (see Crosby et al. [2006] for discussion). We apply the GDH-1 model [Stein and Stein, 1992] which produces relatively similar results to the Crosby [2007] plate model, to compute basement depth of the middle Miocene ocean floor ( Figure 4b ):
where t is time in millions of years and d is depth in meters.
[10] Another component of paleobathymetric reconstructions is the eruption of LIPs on the ocean floor. The morphology of LIPs act as barriers in ocean circulation as they can be several kilometers higher than the surrounding ocean floor and have contributed 95-100 m to global sea level variations since the Cretaceous [Miller et al., 2005; Müller et al., 2008b] . We account for the eruption of LIPs in our paleobathymetry by using the LIP outlines and eruption ages of Müller et al. [2008b] and the method of Schubert and Sandwell [1989] to determine average LIP height above the surrounding ocean floor. The computed average height for each LIP is then added to the oceanic basement grids allowing for seafloor subsidence since LIP eruption.
[11] Changes in sediment thickness through time have been shown to be a function of oceanic crustal age and latitude due to variations in productivity between zones of tropical upwelling and an increase in sediment thickness toward high latitudes, reflecting terrestrial runoff (see Davis and Elderfield [2004] for details). We estimate oceanic sediment thickness for the middle Miocene (Figure 4c ) by [2008b] , (b) depth to oceanic basement with oceanic large igneous provinces included using the age to depth calculation [Stein and Stein, 1992] , and (c) estimated oceanic sediment thickness (see text for details). Grey areas correspond to nonoceanic lithosphere. fitting a polynomial surface linear in age and quadratic in latitude (i.e., five model parameters) as explained by Müller et al. [2008b] . The isostatic compensation of the predicted sediment thickness is calculated using the function from Sykes [1996] . In the middle Miocene, we predict a mean sediment thickness on ocean crust of approximately 270 m with an estimated error of ±15 m [Müller et al., 2008b] .
[12] Seafloor roughness is believed to have an effect on ocean circulation [e.g., Polzin et al., 1997] . Our middle Miocene reconstruction shows a relatively smooth seafloor compared to the modern day as there is a lack of geological data to constrain seafloor roughness of now subducted oceanic crust. However, it may be possible to predict roughness based on seafloor spreading rate [Malinverno, 1991] and other parameters such as spreading obliquity and the thermal properties of the underlying mantle. The addition of an artificial seafloor roughness factor based on these parameters may be possible in future reconstructions.
[13] The unloaded sediments and LIPS are added to the depth-to-oceanic-basement prediction to produce a global middle Miocene paleobathymetric map ( Figure 2 ). Paleobathymetric uncertainty is calculated by converting the maximum age error [Müller et al., 2008b] into depth ( Figure 5 ). Our paleobathymetry is downsampled to 2°Â 2°to conform to our topography model (Figure 3) . At each stage in the paleobathymetric reconstruction, latitudinal biasing is accounted for by assigning increasing aspect ratios when gridding with higher latitudes.
Model-Required Adjustments
[14] Adjustments are made to ensure that our reconstruction can be utilized as input into GCMs (Figure 3 ). Marginal seas are either removed (e.g., the Amazon) or connected to the global ocean (e.g., the Caspian and Black Seas). Isolated ocean grid cells can act as sources or sinks of residual surface energy flux in GCMs, which subsequently contribute to net energy imbalance at the model surface. Connection of marginal seas to the global ocean also ensures fresh water balance is maintained within oceanic grid cells without the need of a flux correction.
[15] Transport of fresh water from the continents to the oceans is not explicitly considered in our paleotopography. Areas of internal drainage such as intermontane basins and flat plateaus allow rivers to converge over land grid cells instead of flowing to the ocean. While these features exist in the reconstructed paleotopography, river runoff directions are calculated for models capable of treating river transport as an independent boundary condition (e.g., Community Land Model 3 [Vertenstein et al., 2004] ) and is available from the authors. River runoff directions are calculated based on the greatest slope between grid points. To avoid internal drainage, a boxcar filter with a width of 1200 km is applied to the paleotopography for these calculations, while the model input topography is left unfiltered. Although such a methodology is not suitable for many models, specifying river transport as an independent boundary condition allows topographic features to remain that would otherwise require smoothing or infilling.
[16] Seaways are widened to a minimum of two grid cells to ensure uninterrupted flow. This is required due to the staggering of variables in model grid space, where vector and scalar quantities are not located at the same point in a grid cell and result in oceanic grid cells adjacent to land having a zero velocity. For this purpose a grid cell size of 3.6°in longitude and 1.6°in latitude is assumed, approximately that of the coarse resolution Parallel Figure 5 . Uncertainty in Miocene bathymetry based on maximum age error reflecting the negative depth error (mean of À58 m). The positive depth error has the same spatial relationship but with a mean error of +66 m. Ramsay et al., 1998 ].
[17] Further adjustments to bathymetry are required for implementation into ocean GCMs but are not made here. Such adjustments are model and resolution dependent and significantly affect the majority of the bathymetry (e.g., degrading bathymetry to a models vertical resolution). To avoid removal of a potentially significant amount of detail, such adjustments are left to the end-user. [Coleman and Hodges, 1995; Currie et al., 2005; Spicer et al., 2003; Williams et al., 2001] or earlier [Rowley and Currie, 2006] , with a minority maintaining that the main phase of uplift occurred during the late Miocene to Pliocene [Wang et al., 2006; Xu, 1981; Zhao and Morgan, 1985] . On the basis of a wider variety of published paleoaltimetry methods and results, a maximum elevation of 4700 m is applied to the southern and central plateau. Elevation history of the northern plateau is not well constrained though speculations range from elevations of 3-4 km since the late Mesozoic [Murphy et al., 1997] , to rapid uplift since the Pliocene [Harris, 2006, and references therein] . We assume a relatively undeveloped northern plateau and reduce the northern extent of the whole plateau to reflect this. Elevation of the Indian plate prior to the India-Asia collision is also uncertain therefore a mean elevation of 100 m is applied to the area of the Indian plate that was subducted subsequent to 15 Ma (Figure 2) . Owing to the length of the cordillera and the north-south spread of data, southern, central, and northern sections are distinguished to encompass known elevations. Although no quantitative paleoelevations for the southern Andes were found, initiation of uplift in the southern Chilean Andes has been estimated to have occurred between 16 and 17.5 Ma [Flynn et al., 2002] . Malumian and Ramos [1984] also infer maximum uplift of the southern Andes between 10 and 12 Ma, suggesting relatively low elevations before this time. Work on the central Andes from the early 20th century by Berry [1939] and Singewald and Berry [1922] , as well as later work by Alpers and Brimhall [1988] suggest relatively high elevations during the middle Miocene (from Gregory-Wodzicki [2000] ).
Middle Miocene Paleogeography and Paleotopography
More recent work examining paleofloras and crustal shortening however suggests that at least half of the mean modern elevation, approximately 3700 m, was achieved after 11 Ma [Graham et al., 2001; GregoryWodzicki et al., 1998 ]. Referring to the published data, a mean elevation of 600 m, 1000 m, and 500 m is applied to the southern, central and northern Andes, respectively.
[21] Some additional geographic and topographic adjustments are applied to our reconstruction. The opening of the Bering Strait has been dated between 4.8 and 7.4 Ma [Marincovich and Gladenkov, 1999] et al., 2003] ; however, its areal extent during the middle Miocene is not clear and most likely existed at a subgrid scale. We therefore exclude the Red Sea from our reconstruction.
[23] In accordance with other paleogeographic reconstructions (PALEOMAP Project) [Markwick, 2007] the Hudson Bay is removed. The North American Rocky Mountains are reduced to 75% of their modern elevation and East African topography is reduced to approximately 25% of its modern elevation [Ruddiman et al., 1997, and references therein].
[24] Global ice volume between 17 and 16 Ma is estimated between 25% and 70% of that of the present-day East Antarctic Ice Sheet [Pekar and DeConto, 2006] . Estimated Cenozoic surface profiles for Antarctica also imply a significantly reduced ice sheet during the early to middle Miocene [Robin, 1988] . Antarctic topography is reduced in our reconstruction by 1000 m; however, it is isostatically corrected by 718 m. While timing and extent of ice sheet formation on Greenland is 
Discussion and Conclusion
[26] Our reconstructed tectonic boundary conditions are constrained by a combination of geological data, topographic and bathymetric assumptions, and general circulation modeling requirements. Uncertainties exist within these constraints and their climatic effect may be quantified in future climate sensitivity studies; however, we believe our reconstruction represents realistic middle Miocene surface conditions compliant with the requirements of GCMs.
[27] The geography of the middle Miocene and present are remarkably similar ( Figure 6 ) and it may be argued that the resolution at which most paleoclimate experiments are performed is currently too coarse to resolve the differences. However, as computing power and standard operating resolutions increase these potentially significant differences may be resolved and will provide further avenues for investigating middle Miocene climate. Changes in idealized ocean gateway configurations from the Miocene to present have already been shown to significantly affect ocean circulation [von der Heydt and Dijkstra, 2006] , demonstrating that geographic changes, in addition to other reconstructed boundary conditions, will be required to successfully simulate middle Miocene climate. 
